We have recorded, assigned, and analyzed the photoelectron spectrum of ZnO Ϫ . The adiabatic electron affinity (E.A. a ) of ZnO and the vibrational frequencies of both ZnO and ZnO Ϫ were determined directly from the spectrum, with a Franck-Condon analysis of its vibrational profile providing additional refinements to these parameters along with structural information. As a result, we found that E.A. a (ZnO)ϭ2.088Ϯ0.010 eV, e (ZnO)ϭ805Ϯ40 cm
INTRODUCTION
Bulk zinc oxide is a n-type, large band gap semiconductor, and it finds uses in pigments, catalysts, and topical medicines. While considerable empirical information [1] [2] [3] is available about zinc oxide as a solid and even about zinc oxide nanoparticles, somewhat less is known about the properties of individual ZnO molecules, impeding progress in modeling the materials properties of zinc oxide. Nevertheless, several studies have been conducted on molecular zinc oxide over the years. Much of the experimental work has focused on the sublimation and thermodynamic properties of zinc oxide. In 1951, Brewer and Mastick 4 found that zinc oxide sublimes by decomposition to its elements, and in 1953, Brewer 5 estimated an upper limit of 3.9 eV for the heat of dissociation of ZnO. There followed several studies of the unusual sublimation behavior of zinc oxide. [6] [7] [8] [9] [10] Then, in 1964, Anthrop and Searcy 11 utilized high-temperature mass spectrometry to set an upper limit of 2.86 eV for the dissociation energy of ZnO, D 0 (ZnO), even though they did not actually observe the zinc oxide parent ion. Next, in 1983, Wicke 12 proposed a lower limit of 2.8 eV for D 0 (ZnO) based on his ZnϩN 2 O chemiluminescence measurements. Both prior and subsequent theoretical studies, however, all gave results for D 0 (ZnO) which were well below this value. [13] [14] [15] [16] [17] More recently, in 1991, the issue of the dissociation energy of ZnO was revisited by Armentrout and co-workers. 18 Gas-phase thermochemical information, including D 0 (ZnO), was extracted from guided ion beam mass spectrometric studies of the Zn ϩ and NO 2 reaction. Their value of D 0 (ZnO) was 1.61Ϯ0.04 eV. Since then, Watson and co-workers, 19 using high-temperature mass spectrometric techniques, have set an upper limit of 2.3 eV for D 0 (ZnO). In addition to the foregoing work, Prochaska and Andrews 20 also conducted matrix isolation studies of ZnO in nitrogen, determining the vibrational frequency for ZnO in the matrix environment ͑808.6 cm
Ϫ1
, average value over Zn isotopes͒. Here, we present results from our negative ion photoelectron spectroscopic study of ZnO Ϫ . Much of the information provided by such experiments pertains not only to the anion, but also to its corresponding neutral at the geometry of the anion. Assignment of the vibronic features in the photoelectron spectrum led not only to the determination of the adiabatic electron affinity for ZnO, E.A. a (ZnO), but also to the vibrational frequencies of both ZnO and ZnO Ϫ in the gas phase. 17 and their work, which played a key role in the interpretation of our results, is presented in the accompanying paper. Prior to this collaborative effort, neither experimental nor theoretical studies had been conducted on the zinc oxide anion, ZnO Ϫ .
EXPERIMENT
Negative ion photoelectron spectroscopy is conducted by crossing a mass-selected beam of negative ions with a fixedfrequency photon beam and energy analyzing the resultant photodetached electrons. This is a direct approach for determining electron binding energies ͑EBE͒, relying as it does on the relationship hϭEBEϩKE e , ͑1͒
a͒ Author to whom correspondence should be addressed. Electronic mail: kitbowen@jhunix.hcf.jhu.edu in which h is the photon energy, and KE e is the measured electron kinetic energy. Our apparatus 21 has been described in detail previously. The photoelectron spectrum of ZnO Ϫ was calibrated against the well-known photoelectron spectra of K Ϫ and O Ϫ and was recorded at an electron energy analyzer resolution of 23 meV, using both the 488.0 nm ͑2.540 eV͒ and 457.9 nm ͑2.707 eV͒ lines of an argon ion laser. Switching the photon energy from one to the other caused no apparent change in the observed spectrum ͑electron intensity vs EBE͒.
Zinc oxide anions were generated in this experiment using a ''pick-up'' version of our hot, supersonic expansion ion source. 22 Because bulk zinc oxide decomposes upon being heated to temperatures at which it vaporizes, thermal evaporation of solid ZnO samples is not a suitable method for getting ZnO molecules into the gas phase, and no doubt, this state of affairs has impeded the experimental study of molecular ZnO in the past. Our pick-up ion source circumvented this problem by preparing ZnO Ϫ in the partially ionized gaseous environment just outside the nozzle of the source. This was accomplished by evaporating zinc metal in the stagnation chamber ͑oven͒ of the source at 650°C, expanding it through a 125 m dia nozzle orifice ͑@700°C͒ with 200-300 Torr of argon, and adding ͑via an effusive flow͒ a small amount of N 2 O to the region immediately outside the nozzle via a separate pick-up line. In this same region, anions were formed by injection of electrons from a thoriated iridium filament directly into the expanding jet in the presence of an axial magnetic field. Typically, the filament was biased at Ϫ75 V relative to the stagnation chamber, giving an emission current of ϳ10 mA. The stagnation chamber itself was floated at Ϫ500 V, i.e., the beam energy. Under these conditions, this ion source provided 20-30 pA of ZnO Ϫ ion current in the ion-photon interaction region of the spectrometer.
RESULTS AND ANALYSIS
Because of its closed-shell electronic structure, zinc stands apart from the other first row transition metals. It bonds primarily through its 4s and 4 p orbitals, leaving its 3d subshell largely unengaged and making it more analogous to the alkaline earth metals than to other transition metals. Thus, just as in the cases of MgO and CaO, ZnO is expected to have a 1 ⌺ ϩ ground state. 14, 17 The ground state of ZnO Ϫ , on the other hand, is expected to be 2 ⌺ ϩ , with its extra electron having gone into an antibonding orbital. 17 The photoelectron spectrum of ZnO Ϫ recorded with the 457.9 nm ͑2.707 eV͒ line of an argon ion laser is presented in Fig. 1 . We attribute the observed vibronic profile primarily to ZnO
The vibrational spacings observed toward the high EBE side of this profile compare well with the literature value 20 for the vibrational frequency of neutral ZnO, while the lone, distinct vibrational spacing observed on its low EBE side is somewhat smaller. Given that the vibrational frequency of ZnO Ϫ is expected to be significantly less than that of ZnO, and that hot bands appear most prominently on the low EBE side of vibronic profiles, the assignment of this spectrum is straightforward ͑see Fig. 2͒ . The EBE of the (vЉϭ0, vЈϭ0) transition ͑indicated in both Figs. 1 and 2͒ is equal to the value of the adiabatic electron affinity, and for ZnO, we have determined E.A. a to be 2.088 eV.
The relationship between the E.A.
Having 17 and in the Discussion section below.
Franck-Condon analysis of the ZnO Ϫ photoelectron spectrum corroborated our assignment of the spectrum and provided values for several molecular constants. This analysis was conducted using a program developed by Ervin and Lineberger. 24, 25 It models both anion and neutral electronic potential curves as Morse oscillators. Experimental determinations of the vibrational frequency of ZnO, e (ZnO), were available both from the peak spacings in our spectrum and from the matrix study by Andrews. 20 The spectral simulation was run using both numbers and was found to converge to the same value. The hot band vibrational spacing observed on the low EBE side of the spectrum served as initial input for the vibrational frequency of ZnO Ϫ . Because there were no values available for e x e , these were estimated for both the neutral and the anion from analogous molecules. Since ZnO should have similar bonding to the alkaline earth metal oxides, the anharmonicity of CaO ͑4.8 cm
Ϫ1
͒ was used to estimate e x e in ZnO. The anharmonicity of GaO ͑6.24 cm
͒ was used to estimate e x e in ZnO Ϫ , since GaO is isoelectronic with ZnO Ϫ and close in mass. The intensity and spectral position of the ͑0,0͒ transition was measured directly from the photoelectron spectrum. During the simulation of the spectrum, the vibrational frequencies of the anion and neutral, the vibrational temperature, r e of the anion, and the full-width-half-maximum of the peaks were allowed to vary. The best fit to the spectrum is shown in Fig. 2 , along with our assignments. Refined ͑best fit͒ vibrational frequencies coming from this analysis were e (ZnO)ϭ805Ϯ40 cm . This value for e (ZnO) is the first gas-phase determination of the vibrational frequency of ZnO. The vibrational temperature converged to ϳ900 K, roughly the temperature of the stagnation chamber of the source. This analysis also provided the change in the bond length (r e ) of ZnO compared with ZnO Ϫ , i.e., ⌬r e . The Franck-Condon analysis of our spectrum alone found the ZnO Ϫ bond to be 0.07 Å longer than the bond in ZnO, i.e., ⌬r e ϭϩ0.07 Å. Using the calculated value of r e (ZnO) from the work of Bauschlicher and Partridge 17 implies that r e (ZnO Ϫ )ϭ1.79 Å. The molecular constants derived from this analysis are summarized in Table I , along with their calculated values from the work of Bauschlicher and Partridge. 17 Like the alkaline earth oxides, ZnO is expected to have a 3 ⌸ first excited state. Unlike the alkaline earth oxides, however, the 3 ⌸ state in ZnO is predicted to be quite low lying. Recent calculations by Bauschlicher and Partridge, 17 presented in the companion paper, put the 3 ⌸ state of ZnO just 0.26 eV above its X 1 ⌺ ϩ state. This implies that photodetachment transitions to the 3 ⌸ state of ZnO should be observable within our experimental energy window, their origin starting at an EBE of 2.35 eV and extending to higher EBE. This predicted ͑origin͒ point in the spectrum is marked with an arrow in Fig. 2 . While most of the features in the photoelectron spectrum of ZnO Ϫ fit the simulated spectrum rather well, the fit near the arrow is relatively poor. Notice especially the shoulder just to the right ͑to the low EBE side͒ of the arrow in the actual spectrum. It is not duplicated in the simulated spectrum. Notice in addition that the vibrational features to the left ͑to the high EBE side͒ of the arrow are also fit poorly, not only in height, but in position as well. While these observations are not definitive, they may indicate the presence of weak intensity, photodetachment transitions to the 3 ⌸ state of ZnO. Based on the possibility that we have indeed observed these transitions, we have tabulated values of T 0 and D 0 for this state in Table I .
DISCUSSION
Among the experimental findings of this work are the inequalities:
)Ͻ e (ZnO), and r e (ZnO Ϫ )Ͼr e (ZnO). At first glance, the first of these seems inconsistent with the others, since it says that the ZnO Ϫ bond is stronger than the ZnO bond, while the second and third inequalities imply the opposite. Most reasonable electronic structure arguments envision the addition of an extra electron to the lowest energy antibonding orbital of ZnO to form ZnO Ϫ , implying a weaker bond, a smaller vibrational frequency, and a longer bond length for ZnO Ϫ than for ZnO. In light of this, it is the stronger bond in ZnO Ϫ than in ZnO that is the anomaly.
An understanding of these initially perplexing results springs from a detailed examination of the bonding in neutral ZnO. This is provided by Bauschlicher 
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